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Abstract. Electric field enhancement in semiconductor nanostructures offers a possibility to
find an alternative to the metallic particles which is well known for tuning the light-matter
interaction due to its strong polarizability and size-dependent surface plasmon resonance
energy. Raman spectroscopy is a powerful technique to monitor the electric field as its
scattering depends on the electromagnetic eigenmode of the particle. Here, we observe
enhanced polarized Raman scattering from germanium nanowires of different diameters. The
incident electromagnetic radiation creates a distribution of the internal electric field inside
the naowires which can be enhanced by manipulating the nanowire diameter, the incident
electric field and its polarization. Our estimation of the enhancement factor, including its
dependence on nanowire diameter, agrees well with the Mie theory for an infinite cylinder.
Furthermore, depending on diameter and wavelength of incident radiation, polarized Raman
study shows dipolar (antenna effect) and quadrupolar resonances, which has never been
observed in germanium nanowire. We attempt to understand this polarized Raman behavior
using COMSOL Multiphysics simulation, which suggests that the pattern observed is due to
photon confinement within the nanowires. Thus, the light scattering direction can be toggled
by tuning the polarization of incident excitation and diameter of non plasmonic nanowire.
‡ Present address: Department of Physics, Indian Institute of Science, Bangalore 560012, India.
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1. Introduction
Scientists devote extensive effort to study light-
matter interaction at the nanoscale as nanostruc-
ture systems offer its dimension dependent cou-
pling with the electromagnetic field.[1, 2] In re-
cent years rapid development in technologies trig-
gered nanowires’ immense applicability in pho-
tovoltaic, photo sensor and solar cell[3, 4, 5,
6, 7, 8] etc. This application requires efficient
coupling of nanostructures with electromagnetic
(EM) field[9, 10, 11]. One of the most familiar
ways to increase efficiency of coupling is to dec-
orate the parent material with metal particles. The
strongly localized EM field at the vicinity of the
metal nanoparticles enriches the hybrid materials
for application as Surface Enhanced Raman Scat-
tering (SERS) substrates for ultra sensitive de-
tection of biomolecules.[12, 13, 14, 15, 16, 17].
The EM energy stored inside a dielectric cylin-
der, which is irradiated by an EM plane wave, was
evaluated analytically by Ruppin in 1998 [18],
who demonstrated that the stored energy exhibits
resonant enhancement near the locations of the
cylinder extinction resonances. In semiconductor
and insulating materials, realization of such en-
hancement of an EM field is significant for poten-
tial applications in photonic technology and semi-
conductor electronics. Recently, the enhancement
of the EM radiation in Si, InAs has been reported
[19, 20]. Among the different materials avail-
able in silicon photonics, germanium(Ge) plays
a key role in setting up important functionalities
required for a photonic integrated platform [21].
The small energy difference between the direct
and the indirect band gap of Ge also makes it an
ideal material to develop electro-absorption mod-
ulator (EAM)[22, 23]. It is reported that the direct
bandgap Ge can be obtained by applying tensile
strain [24, 25]. Recent report on the realization of
the direct band gap Ge nanowire due to Sn doping
opens up unlimited possibilities in group IV pho-
tonics, nanoelectronics and optoelectronics.[26].
Therefore, the study of EM field enhancement in
Ge nanowires (NWs) is highly desirable. Raman
scattering is a powerful and sensitive method to
probe the internal field enhancement as it exhibits
a strong resonant effect when the energy of the
incident radiation is comparable with that of EM
eigenmode of a dielectric particle.
We report intrinsic internal field induced Ra-
man enhancement for TM (Transverse Magnetic)
and TE (Transverse Electric) waves from isolated
Ge NWs with certain combinations of NW diam-
eters and incident excitations. Assuming a NW as
an infinite cylinder, the calculated field enhance-
ment factors as a function of wavelength of op-
tical excitation and radius of a NW are consis-
tent with the Raman scattering data. This study
reveals that for resonant field enhancement there
is an interplay between the diameter of a NW
and the incident excitation which we tried to un-
derstand through the resonant behavior between
the incident EM field and the geometry of dielec-
tric particle. Our study extends to the polariza-
tion dependent Raman response of the NWs of
three different diameters, which shows that the
antenna effect and multipolar behavior of polar-
ized Raman response are strongly dependent on
the wavelength of incident excitation and NW di-
ameter. This phenomenon has been explained by
considering photon confinement. This observed
diameter and polarization dependent behavior of
localized EM field in semiconducting materials
under EM radiation, particularly for Ge having a
low band gap energy and high hole mobility, may
have important implications for future optoelec-
tronics applications.[27, 28, 29, 30, 31, 32]
2. Experiment
Ge nanowire growth was carried out in a toluene
medium using a liquid-injection chemical vapor
deposition (LICVD) technique[33]. Au nanopar-
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ticles, with average diameter of 5 nm, were spin-
coated onto a Si (001) substrate and loaded into
a stainless steel micro reactor cell, connected
to metal tubing. A Solution of diphenylger-
mane (DPG) in anhydrous toluene (concentra-
tion: 10 µmol ml−1) was injected into the metal
reaction cell using a Hamilton sample-lock sy-
ringe and syringe pump at a rate of 0.025 ml
min−1. A H2/Ar flow rate of 0.5 ml min−1
was maintained during the entire growth period.
The NW were grown at 440oC. A typical NW
growth time was 2 hr. Bottom-up grown Ge NWs
were imaged on an FEI Helios NanoLab 600i
scanning electron microscope (SEM). High res-
olution Scanning Transmission Electron Micro-
scope (STEM) imaging was undertaken using a
Nion UltraSTEM100 microscope, operated at 100
kV. Raman measurements were performed on a
LABRAM HR spectrometer equipped with 1800
lines/mm grating and a peltier cooled CCD de-
tector for collection of the data. A He-Ne laser
of wavelength 633 nm and an air-cooled Argon-
ion laser (Ar+) of wavelength 488 nm were used
as excitation light sources, and a 100X objective
with numerical aperture (NA) of 0.9 was used to
focus the laser on the sample and to collect the
scattered light from the sample. Ge NWs were
transferred onto InAs substrates and Raman data
were collected from the NWs at a backscattering
geometry. Throughout the measurements, laser
power was kept constant.
3. Results and Discussions
Figure 1(a) shows the successful growth of Au
catalyzed Ge NWs after a 2 hr time period, as
determined by SEM and STEM. The minimal
amount of particulate deposits, as a by product,
on the NW surfaces and within the samples
in general verifies the controlled growth of the
NWs. The NWs grown were straight without any
observed kinks, bends or curling. The lengths of
the NWs were in the order of several micrometers
(>5 µm), whereas their diameters vary between
50-200 nm. The large variation in the nanowire
diameter is due to the use of very small (5
nm) Au nanoparticle seed as growth promoter,
which forms eutectic liquid at growth temperature
and aggregates during nanowire growth, resulting
large diameter variation. The presence of partially
spherical seeds at the tips of the NWs, as seen
in the high resolution SEM image in the inset of
Figure 1(a), confirms the participation of catalytic
vapor liquid solid (VLS) NW growth [33]. Figure
1(b) shows a high resolution STEM image of
a representative NW from the sample using the
high angle annular diffraction (HAADF) mode.
The image was recorded with <110> zone axis
alignment. Generally, the crystal structure of the
Ge NWs exhibit a bulk diamond cubic crystal
structure with a 3C lattice arrangement without
any stacking faults and twin boundaries, with
<111> being the dominant growth direction as
also confirmed by the Fast Fourier transform
(FFT) analysis of the image [inset of Figure 1(b)].
Typical Raman measurement geometry for
the transferred Ge NWs is presented in Figure
2.(a). For polarization dependent measurements,
a half wave plate was used as a polarization
rotator and a vertical analyzer was used at the
collection side. Raman measurement geometry
for TM and TE waves are also presented in Figure
2(a). Figure 2(b) shows Raman spectra for TM
and TE waves from bulk Ge and Ge NWs of
various diameters (d): 76 nm (Ge 1), 95 nm (Ge
2), 110 nm (Ge 3), 116 nm (Ge 4) 146 nm (Ge
5), 170 nm (Ge 6) excited by 633 nm laser. The
same data using 488 nm laser are presented in
Figure S1(Supplementary Materials). The peak
due to the triply degenerate E2g mode of Ge
appears around 303 cm−1 in a bulk sample. As
the diameter decreases, the Raman peak positions
for both TM and TE waves shifted towards lower
frequency, which is due to the confinement of
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Figure 1. (a) SEM images of Au catalyzed Ge NWs showing NW morphology.Inset shows the high resolution SEM image.
(b) Lattice-resolved STEM HAADF image recorded from a representative Ge NW shows its single crystalline nature with
a diamond cubic crystal structure. FFT pattern in the inset confirms the crystallinity and growth orientation of the Ge NW.
Figure 2. (a) Illustration of the Raman measurement
geometry of a Ge NW transferred on a InAs substrate for
TM and TE waves. (b) Raman spectra using a 633 nm
laser for TM (blue) and TE (red) waves from various NWs,
whose diameter, d is indicated in the figure.
phonons at low dimensions[34]. It is worth noting
that all data were recorded at very low laser
power [laser power∼0.02 mW], which excludes
the possibility of laser induced heating effects. To
obtain an insight into the intrinsic enhancement
of Raman signal from the NWs compared to bulk




where, INW is the Raman intensity from the
centre of the NW, VNW is the volume of the
NW illuminated by the laser, IBulk is the Raman
intensity from bulk Ge and VBulk is the volume of
bulk Ge illuminated by the laser.
The estimated Raman EF for TM and TE
waves were calculated for both the 633 nm
and 488 nm lasers and plotted as a function
of NW radius (R), as shown in Figures 3(a)
and (b). The enhancement of the TM waves
was higher than for the TE waves. In order
to support our experimental data we performed
a simulation based upon Mie scattering theory
for infinite cylinder. We consider an infinite
cylinder and solve Maxwell’s equations using
boundary conditions of cylindrical azimuthal
symmetry[See Supplementary Materials]. The
results obtained are shown by red lines (633
nm) and blue lines (488 nm) for TM and
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Figure 3. (a) Enhancement factor of TM waves for incident excitations of 488 nm and 633 nm (b) Enhancement factor for
TE waves for incident excitations of 488 nm, 633 nm, where continuous curves (blue: 488 nm, red: 633 nm) are theoretical
curves according to Mie Theory for an infinite cylinder and descrete points are experimental values for various radii.(c),
(d) Internal electric field spatial distribution for various radii ranging from R=38 nm to R=85 nm while incident excitation
is 633 nm and 488 nm (as labelled in the figure) for TM and TE waves respectively.
TE waves as shown in Figure 3.(a) and 3.(b)
respectively. At both laser wavelengths, the
calculated enhancement for TM and TE waves
followed the experimental data. It is interesting
to note that the resonant enhancement in both
TM and TE waves strongly depends on the
wavelength and polarization state of the incident
excitation, along with the size of the nanoantenna.
We attribute this to the resonant nature between
cross-section of a NW and the incident excitation.
[19]
The distribution of the internal electric field
over radial crosssection of the NW, can be un-
derstood from the Electromagnetic Waves, Fre-
quency Domain Interface (EWFDI) simulation
in the COMSOL. We consider cylindrical Ge
nanoantenna with different diameters for the sim-
ulation. The electrodynamics is governed by the
semi-classical Maxwell equation, given by




µr is the relative permeability of the
medium, k0 is wave vector of light in free space,
εr is the relative permitivity of the medium, εo is
permitivity in free space, σ is electrical conduc-
tivity.
Figure 3(c) shows the color-coded amplitude
maps of calculated electric field within the radial
cross-section of several Ge NW radii between
R=38 nm and R=85 nm when irradiated by 633
nm and 488 nm lasers in the TM configuration.
The amplitude color scale is different for different
nanoantenna radii to allow the pattern to be
more easily observed. The figure shows how
the internal electric field evolved as radius of
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Figure 4. (a),(c),(e) Polarized Raman response from
individual NWs excited at a wavelength of 488 nm, with
diameters of 76, 146 and 170 nm respectively. (b), (d),
(f) Polarized Raman response from individual NWs excited
at a wavelength of 633 nm, for diameters of 76, 146 and
170 nm respectively. Blue points and curves show the
experimentally observed patterns while the red curves show
the simulated data for all figures.
a NW increases. For the 633 nm laser, the
maximum localized electric field appears around
the centre of the radial cross-section of the NW
and spatial extension of the maxima decreases
with increasing NW diameter. For the 488
nm wavelength we also observed the maximum
localized electric field around the center of the
radial cross-section and the maxima shifts away
from the centre as the NW radius increases. For
TE waves, the minimum amplitude of the electric
field appeared at the centre for both excitations
(488 nm and 633 nm)[Figure 3 (d)]. For the
633 nm laser, as radius increases, the electric
field set up in the NWs forms complex patterns
depending upon incident excitation and after a
critical diameter, it forms higher order resonance
peaks. The complex pattern of electric field
inside nanoantenna may be due to the leaky mode
resonance (LMR)[35, 36, 37].
To understand the electric field profile inside
the nanoantennas, we performed a polarization
dependent Raman study as Raman mode intensity
directly relates to the induced electric field [19,
20]. Systematic polarization dependent Raman
response of the E2g mode are plotted in Figure 4
for Ge1, Ge5 and Ge6. To check the repeatability,
we have measured five-time and the plots in
Figure 4 are the average of five-time measured
data. We observe an dipole (antenna) effect for
Ge1 (76 nm) for both the lasers. A signature
of quadrupole appeared at Ge 5 (146 nm) for
the 488 nm laser whereas, for the 633 nm laser
quadrupole was only observed for Ge 6 (170 nm).
All theoretical calculations based on symmetry
of phonon wave function predict that the cross-
section of Raman scattering is minimized for
cross polarized (TE waves) and maximum for
parallel polarization (TM waves), giving antenna
effect[38, 39, 40, 1, 41]. It is due to the fact
that the Raman tensor involved in the calculation
contains a dipole term. But, here we observe
antenna effect as well as quadrupolar pattern
depending on the NW diameter and the incident
excitation. So, our data may have no correlation
with the symmetry of the wave function of the
phonon[42]. The behavior may be associated
with the classical scattering of electromagnetic
waves from a cylindrical dielectric system. To
confirm this, we have calculated the intensity of
the electric field as a function of polarization in
Ge1, Ge5 and Ge6 NWs using COMSOL. We
compare the polarized Raman data (Blue curve in
Figure 4) with the calculated (Red curve in Figure
4) polarization dependent field intensity. The
simulation deviates from the experimental result.
A possible explanation for the deviation is that
the complex diameter dependent transmission of
the Raman scattered light across the nanowire-
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Figure 5. (a) Schematic diagram to explain the diameter
and wavelength dependent polarized Raman spectroscopic
behavior. (b), (c) Intensity contour plot of the radial cross-
section where ratio of sizes matches with actual radial size
of the NWs for TM waves when excited at 633 nm and 488
nm respectively.
air interface [43, 44, 45]. Moreover, surface
facets and the exact cross-sectional shape of
the nanowire, which could modify the Raman
scattering intensity, were not considered in our
simulation. Though there is a mismatch between
the measured and the simulation data, however,
experimental data presented in Figure 4 c and
e show emergence of the quadrupolar pattern
from the dipolar pattern as observed previously
in plasmonic nanostructures [46]. Thus the
experimental results qualitatively agree to the
simulation.
As the diameter changes, the polarized
Raman response of NWs is modified. The
correlation between diameter of nanowire and
incident excitation can be understood through the
mechanism presented in Figure 5.(a). When light
of a particular wavelength (λ ) is incident on a
material, the medium behaves as continuous or
discontinuous for the λ depending on the relation
between λ and size of the material. Here, it is
seen that, when the NW diameter is much lower
than λ , then the incident excitation is unable to
resolve the internal structure of the NW. Incident
excitation seems to look into the NW as a whole
[See Figure 5.(a)]. Thus the geometry of the
NW behaves as continuous with respect to the
incident excitation and plays an important role in
controlling the optical response. For such cases
(d< λ/4), we observe antenna effect, i.e. in case
of the nanowire with lowest diameter (76 nm). On
the other hand, when d is large(d > λ/4), then the
medium behaves as discontinuous with respect to
the incident λ and the geometry does not play
any role in the optical response. For such cases,
quadrupole behavior is observed [see Figure
5.(a)] [42]. Figure 5.(b) and (c) show the contour
plot of the calculated intensity of radial cross-
section for TM waves at excitation wavelengths
of 633 nm and 488 nm for nanoantennas of
different diameters as indicated in the figures.
In both cases, the cross-sections are comparable
with the cross-section of the corresponding NW.
For d=76 nm, at both excitation wavelengths of
488 nm and 633 nm, photons are confined as
indicated by the central bright spot in the cross-
section of the TM waves and in both cases, we
observe an antenna effect [Fig 4(a), (b)]. But with
the increasing NW diameter, photon confinement
gets weaker. Strong photon confinement exists
upto d=146 nm at 633 nm, whereas at 488 nm, the
confinement exists only at d=76 nm [See Figure
5.(b), (c)]. The quadrupole behavior appears at
d=146 nm for 488 nm laser [Figure 4.(c)] but at
d=170 nm for 633 nm laser[Figure 4.(f)], which
correlates nicely with the photon confinement
showed in figure 5.(b), (c). The whole scenario
is summarized in the Table.
4. Conclusions
In summary, we observe intrinsic enhancement
of the EM field in Ge NWs. Its dependence
on incident excitation energy and polarization
of incident excitation were investigated. The
pattern of evolution of the enhancement factor
with radius of NW has also been simulated
on basis of Mie theory for an infinite cylinder,
which is in agreement with our experimental
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Diameter Polarization dep. Remarks
of NW(d) Raman response using [PC stands for
488 nm 633 nm Photon
Confinement]
76 nm Dipole Dipole PC
occurs for both
the lasers.
146 nm Quadrupole Dipole PC
occurs only
for 633 nm.
170 nm Quadrupole Quadrupole No PC
for both
the lasers
Raman data. Simulation shows how the electric
field pattern inside the NW changes with their
radius for both TM and TE waves with different
incident excitation. To get more insight, the
polarized Raman response over a 360o angle
dependence was studied for NWs with three
different diameters. Our study revealed that
the polarized Raman response shows dipole or
quadrupole depending on NW diameter and
the wavelength of incident excitation. The
Simulated polarization dependent electric field
intensity was qualitatively in agreement with the
experimentally observed Raman intensity pattern.
Our simulation further correlates this polarized
Raman behavior with photon confinement. Thus
Ge nanoantenna couples enhanced optical field
with propagating radiation. Therefore, our
result may be useful to understand dimension
and geometry dependent optical response from
non plasmonic nanostructures and also for any
Ge based future opto-electronic devices, where
efficient light matter interaction is desired.
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